Abstract-By suitably choosing the fiber properties, and by tuning the pump wavelength near the fiber zero-dispersion wavelength, one can in principle generate a wide variety of one-pump fiber optical parametric amplifier gain spectra. These can range from a very wide single region to two symmetric narrow gain regions far away from the pump. We have experimentally verified these predictions. With a highly nonlinear fiber, we have inferred the existence of gain over a single 400-nm region and measured a maximum on-off gain of 65 dB. With a common dispersion-shifted fiber, we have obtained tunable gain regions less than 1 nm wide, up to 200 nm from the pump; we have also shifted these by several nanometers by lowering the fiber temperature to 0 C.
I. INTRODUCTION
T HE DETAILED shape of the gain spectra obtainable with one-pump fiber optical parametric amplifiers (OPAs) was first investigated in [1] . It was shown that the spectra are symmetric in the frequency domain about the pump frequency and that their shapes are primarily determined by the even-order dispersion coefficients and . Since can be adjusted by tuning the pump wavelength near the zero-dispersion wavelength , one can in principle optimize gain spectra in this manner. The emphasis in [1] was to obtain a single wide gain region, and it was predicted that a gain bandwidth of the order of 100 nm could be obtained with common dispersion-shifted fiber (DSF), with a pump power of a few watts. Early measurements verified the theory over a 35-nm interval, limited only by the tuning range of the signal laser [1] . The advent of highly nonlinear fibers (HNLFs), with a nonlinearity coefficient approximately ten times larger than that of DSF, promised even larger gain bandwidths. A 200-nm bandwidth was then demonstrated [2] , and 360 nm has recently been achieved [3] .
In other theoretical work [4] , it was shown that if is increased beyond the value necessary for obtaining a single wide gain region, the spectrum breaks into two symmetric regions, which become narrower as they move away from ; there is also a lower gain region around , which is less interesting. The existence of these gain regions suggests new applications. If they are about 1 nm wide, they could be used for making narrow-band filters, with gain, potentially tunable over tens of nanometers or more; these might find applications in optical receivers. If they are tens of nanometers wide, they could be used for making amplifiers in regions such as the S-band or the O-band, using convenient pumps in the C-band. Such narrow gain regions far from the pump were observed in early OPA work in standard single-mode fibers [5] , [6] , but they were not tuned over wide regions.
In this work we investigate, for the first time to our knowledge, the evolution of the gain spectra of one-pump fiber OPAs over their complete range, going from a single wide gain region to two symmetric narrow gain regions far away from the pump. We first present the relevant theory, and then present experimental results for DSF and HNLF. The results show important differences between the two types of fibers; in particular, we show that the longitudinal variations of in HNLF are about two orders of magnitude worse than in DSF, which poses a significant problem for OPA design. We also measured the gain spectra at two different temperatures, illustrating the need for temperature control in some applications.
II. THEORY

A. Basic Considerations
Consider a fiber OPA with a single pump, a signal, and an idler, with angular frequencies , and , satisfying . We assume that the three waves remain in the same state of linear polarization over the entire fiber. Substantial gain can be obtained if , where is the fiber nonlinear coefficient, is the pump power, and is the mismatch between the propagation constant , and . Hence, the edges of the gain region(s) correspond to and . Following [1] , we define the width of a gain region as the distance between these two points.
Maximum gain is obtained when . Then the signal-to-idler power conversion efficiency is simply given by (1) The shape of the gain spectrum is determined by the fiber dispersion properties. We analyze the location and width of the gain regions by using a model for containing only the second and fourth orders of dispersion [1] . In terms of (2) 1077-260X/04$20.00 © 2004 IEEE where is the th derivative of with respect to , evaluated at .
For a given fiber, we can vary over a large range by tuning near , because we have approximately . On the other hand, can be assumed to remain constant; in the following, we assume that , as this is the case for the fibers used in our experiments. Fig. 1 shows graphs of versus . They are parabolas with different slopes at the origin equal to , and the same curvature at their maxima, equal to . It can readily be seen that the widest gain spectrum (consisting of a single gain region) is obtained for . Its half-width is
The shape of the gain spectra changes rapidly as passes through 0, but becomes fairly stable on either side. If becomes increasingly negative (anomalous dispersion), the width of that single region become smaller. If becomes increasingly positive (normal dispersion), the gain region breaks into two pieces: a central region whose width shrinks, and a region which moves away from , and whose width shrinks in the process [case (d)]. By adjusting we can in principle position this region at will. In the following we will investigate in detail the main features of the gain spectrum corresponding to case (d), as it may lead to applications heretofore not envisioned for fiber OPAs.
In examples, we are going to consider OPAs similar to those that we used in the experiments. We consider the following two types 
B. Shape of the Narrow Gain Spectrum
It is interesting to investigate in some detail the shape of the narrow gain spectrum obtained for large (pump in the normal dispersion region), to see whether it could be suitable for filtering applications. Then the spectral width is relatively narrow, and the graph of versus is well approximated by a straight line in that region. All these spectra are similar in appearance, as the signal-to-idler power conversion gain can be written as (4) where is the pump self-phase modulation (SPM) shift.
is a dimensionless variable, normalized in such a way that where the gain is maximum; at what we defined as the edges of the narrow gain region. can be interpreted as the normalized signal frequency in the narrow gain region. In this manner, all these gain spectra correspond to the one-parameter set of curves defined by (4) . is an even function of . As increases from zero to one, decreases monotonically from to . As increases beyond one, the square root becomes imaginary, and behaves in a manner similar to a squared sinc function: the relative heights of the maxima are the same as for such a function, but the zeros are not evenly spaced along the axis because of the presence of rather than . Fig. 2 shows the graphs of for two values of . The central shape of the spectrum is not very flat. It is more like the so-called Gaussian shape of a squared sinc function; such shapes are satisfactory for a number of communication applications.
An important quantity is the ratio of the maximum gain to that of the first peak , which determines the suitability for use as a narrow-band filter; it is approximately given by (5) This is a rapidly increasing function of . For , which correspond to peak gains of 20(55) dB, we have dB; i.e., we see that in decibels is of the same order as the peak gain in decibels. Since fiber OPAs with gains up to 65 dB have been demonstrated, we conclude that values of in the 20-60 dB range should in principle be realizable. (This of course assumes that a perfectly uniform fiber is used; longitudinal variations of will alter this conclusion for very small bandwidths.) Sidelobe rejection ratios in this range are competitive with those of state-of-the-art passive filters.
We have assumed that the OPA is used as a wavelength converter in order to have simple expressions, as well as to obtain a high . If the OPA is used as an amplifier, then the signal power gain applies, and is reduced. For large gains, however, the difference is negligible. Hence, such OPAs could be used as filters in a similar manner, either as amplifiers or as wavelength converters.
C. Width of the Narrow Gain Spectrum
We define the boundaries of the narrow gain region as , where , and , where , Fig. 1 . We find that and
From
, we obtain the distance of the gain region from the pump in terms of frequency,
. Expressed in wavelength units, this becomes (6) where ; for nm, s m . (The approximately equal sign is used in (6) to indicate that this conversion becomes less accurate as increases.)
If the gain bandwidth is relatively small compared to , and it is well approximated by ; in terms of wavelengths (7) This form shows that the gain bandwidth decreases rapidly with distance from the pump: for example, the gain bandwidth 200 nm away from the pump will only be 1/8 of the bandwidth 100 nm from the pump.
Another important consequence of (7) is that scales linearly with . If we compare HNLF to DSF, HNLF has a about ten times larger and a about ten times smaller than DSF. Hence, HNLF will yield a which is about 100 times larger than DSF (provided that is the same, which can be done by using different fiber lengths to have the same gain). This is a very large ratio, which indicates that HNLF and DSF will yield rather different-looking spectra, which are likely to find different applications. Fig. 3 
D. Pump Wavelength Shift Required for Shifting the Gain Region
Let us now determine the shift in pump wavelength required to have the gain region at from the pump. It can be shown that (8) For DSF , where the wavelengths are in nanometers. For example, if nm, nm. Hence, we see that the gain region can be shifted by several hundred nanometers by shifting the pump by just a few nanometers. This is convenient in practice, since pumps that can be tuned over tens of nanometers can readily be obtained in several spectral regions, particularly in the C-and L-band. Redoing the calculations for HNLF, one finds that nm, i.e., 3.6 times smaller than for DSF.
E. Pump Stability Requirements
On the negative side, the large sensitivity of to changes in indicates that when the gain region is very narrow even a slight change in will potentially shift the gain region by a fraction of its width, which would not be acceptable in applications such as narrow-band filtering. To quantify this, we calculate the excursion in pump wavelength , which leads to a shift of the gain region equal to its width . It is given by (9) In order for the gain region to be essentially unaffected by possible drift in pump wavelength, such drift should be small compared to . For nm, we find that for DSF nm, and for HNLF nm. For DSF these numbers correspond to a few gigahertz, which indicates that a stable pump wavelength will be necessary to accurately maintain the position of the gain region. For HNLF pump wavelength stability is far less critical.
The pump intensity should also be stable. If the pump has significant relative intensity noise (RIN), it will be transferred to the signal and the idler, with a magnification factor which is of the order of at maximum gain [7] .
F. Effect of Longitudinal Variations of
Practical fibers exhibit longitudinal variations of , with a distribution including both long-range and short-range components. Short-range variations are not a problem, as they can be handled by means of their local average value. For long-range variations, however, averaging is not appropriate, and the actual spatial map of must be accurately taken into account. The effect on four-wave mixing of such variations has been investigated in detail [8] .
Since OPA performance depends on , we can then reinterpret the preceding discussion about pump wavelength fluctuations in terms of the effect of longitudinal variations of . These will cause variations of and, hence, of . Thus, if we consider a realistic fiber, the location of the gain region will change along the fiber. As a result, the input-tooutput gain spectrum, which we may approximatively think of as the integral of the local gain spectra along the fiber, will be broadened, and the peak gain will be reduced. Since and play similar roles in , we see that can also be interpreted as the variation in necessary to displace the gain curve by an amount equal to its width. Hence, we can say that is the amount of variation of along the fiber that will lead to a doubling of the gain bandwidth. The numerical values calculated above for DSF indicate that should not vary by more than a few hundredths of a nanometer along the fiber if we want to maintain narrow high-gain regions far from . Since it is known that typical DSF can exhibit variations of the order of one nanometer over lengths of several kilometers [9] , [10] , the fiber should be short in order to be able to observe such gain regions. This is why in the experiments we used m for DSF. We can also use this result as a qualitative measurement of the spread of over the fiber length: if in some experimental conditions we observe a doubling of the gain bandwidth (compared to its theoretical value), then the spread in over that length is of the order of .
G. Effect of Temperature Variations
It is well known that is a function of temperature. In DSF varies at the rate of about 0.03 nm/ C [11] ; in HNLF the rate is 0.06 nm/ C [12] . Thus, for a 1 C change in DSF, we have a 0.03-nm shift, which is comparable to calculated in Section II-C for nm. This shows that such a small temperature change, if uniform over the fiber, would shift the gain region by a whole width, thereby potentially affecting its operation as a narrow filter. Also, if the temperature changes are nonuniform along the fiber, they will introduce a longitudinal variation of , with the same detrimental effects as in the preceding section. These considerations indicate that careful temperature control would be required for accurate operation of such filters.
On the positive side, one may envision designs wherein the temperature of a number of fiber sections can be independently controlled. This would then in principle allow one to obtain a variety of spectral shapes. In particular, one might be able to implement a three-or four-section scheme proposed for flattening the broad gain spectrum of one-pump fiber OPAs [13] .
To quantify this effect, let us define as the rate of change of with temperature . It can then be shown that the rate of shift of the gain region with temperature is (10) The dependence shows that the extreme spectra shift less than the ones close to . However, since the width of the peaks is proportional to , we see that the extreme spectra experience temperature-induced shifts which are much larger relative to their widths than the ones close to . This could cause greater difficulties for the extreme spectra in filtering-type applications.
H. Effect of Fiber Birefringence
Fibers such as DSF and HNLF exhibit nearly linear birefringence. Its magnitude and the orientation of its principal axes vary randomly along their length; they may also vary in time due to temperature changes, acoustic vibrations, etc. The beat length is of the order of 1 m. Since the gain of fiber OPAs depends on the states of polarization (SOPs) of the waves [14] , one must actually consider that at each point along the fiber the local gain spectrum has a slightly different shape. As a result, the end-to-end OPA gain spectrum can be thought of as being the spatial average of the local gains. Clearly this means that this gain spectrum will not be quite the same as in a fiber in which all SOPs remain linear and parallel over the entire length, as considered so far in the gain calculations.
The theory of fiber OPAs with waves in a variety of SOPs shows that the range of over which gain is present is reduced in width and shifted by an amount of the order of ; also the maximum gain is reduced. Looking at Fig. 1 , we see that for large these kinds of changes will lead to shifts in the location of the gain spectrum that are of the order of . Hence, we can anticipate that random birefringence could lead to spectrum broadening, but at most by a factor of two.
In long fibers, longitudinal variation of can lead to spectral broadening by many 's; hence, birefringence broadening should play a negligible role in such fibers. On the other hand, in very short fibers with very little variation, birefringence broadening will dominate.
Fibers that are tens or hundreds of meters long, such as used in our experiments, are many beat lengths long. Therefore, SOPs will generally evolve considerably along their lengths, and the end-to-end gain spectra will necessarily differ somewhat from the ideal ones shown in Fig. 2 . Accurate observation of the ideal spectra would require the use of special low-birefringence fibers, such as twisted fibers [15] or spun fibers [16] . 
III. EXPERIMENTS
A. Measurement Procedure
Ideally the gain of an optical amplifier should be measured by feeding into it a low-power signal at the desired wavelength, and measuring the resulting output signal. However, for experiments such as ours, where the wavelength range of interest is about 1300-1800 nm, it is very difficult to find suitable signal sources. For this reason, we resorted to the measurement of amplified spontaneous emission (ASE) as a substitute for gain measurements. This is possible because in a lossless OPA with low noise figure (i.e., NF near 3 dB), there is a linear relationship between ASE output power and gain, since the output ASE can be viewed as vacuum fluctuations at the input amplified by a noiseless amplifier [17] . Of course, since in practice we do not know exactly the OPA NF, this only provides an approximate gain measurement. However, for our main purpose here of measuring gain bandwidths, this relationship is adequate.
Caution is necessary to apply this method to fiber OPAs. The main difficulty is that at high gain ASE power density in the fiber can become very high. This can lead to two problems.
1) The first one is that saturation can be reached, leading to pump depletion, and an output ASE spectrum which is no longer a close replica of the small-signal gain spectrum. 2) Another problem is that because the OPA is operated near , fiber dispersion is low. As a result most types of fourwave mixing (FWM) interactions are well phase matched, and spurious FWM products can become sizable if some of the interacting waves are large. This can often be seen in spectra exhibiting a narrow peak, which acts as a secondary pump. Then the ASE spectrum around such a peak tends to become symmetric, even if low-power theory predicts a strong asymmetry: this is a clear sign of FWM among ASE components near that peak. In practice, then, one has to find an optimum: if gain is too low, the ASE level may be too low to be detected; if gain and ASE level are too high, the above problems may strongly distort the ASE spectra. To find this optimum, it is very useful to have a good simulation of the gain spectra, so that one can judge when the resemblance with the experimental data is greatest, indicating a tolerable level of spurious nonlinear effects. The optimization is different for different fibers, and this explains why we used different powers for our measurements in DSF and HNLF.
We have also occasionally measured the actual gain spectra, over limited spectral ranges where sources were available. We did this both to validate and calibrate the ASE-based procedure, and to measure record gains. The gain was the on-off gain, measured by taking the ratio of the output signal power with the pump on to that with the pump off.
B. Experimental Setup
The experimental configuration is shown in Fig. 4 . The gain medium is either DSF or HNLF, with the parameters listed in Section II-A. In both cases, the pump source is a tunable laser source, TLS1, which is tuned in order to obtain a whole family of gain spectra. It is pulse-modulated with a 4-ns pulsewidth and duty cycle, to provide 12 W of peak power in DSF, or 20 W in HNLF (after amplification). Polarization controller PC1 aligns the pump's SOP with the transmission axis of the Mach-Zehnder intensity modulator (MZ-IM). The pump is then amplified by EDFA1, and filtered by a 0.35-nm bandwidth tunable bandpass filter (TBF). It is further amplified by EDFA2, with a maximum average output power of 27 dBm.
Due to the limited power budget, we cannot insert another TBF after EDFA2 as we did in [3] ; as a result, the ASE of EDFA2 is injected into the OPA However, no significant gain saturation attributable to EDFA ASE is observed. The OPA ASE spectrum is clearly seen under most circumstances. An exception is in the 1520-1580-nm range (which includes the pump), where significant EDFA ASE is amplified by the OPA, and cannot always be distinguished from OPA ASE. This, however, is of little consequence here, as we are most interested in OPA gain spectra with maxima outside of this central region.
Two other TLSs, tunable in the 1400-1550-nm and 1500-1650-nm ranges, were also used as signal sources to measure the OPA gain in order to relate the OPA gain and ASE spectra in certain regions. Maximum OPA gain and conversion efficiency is achieved by aligning the SOPs of signal and pump by PC3. Signal and pump are combined by a 90/10 coupler, and then enter the OPA fiber. The signal input power to the OPA is adjusted by a variable optical attenuator (VOA). After another isolator, which prevents any reflection from the VOA, the output spectrum of the OPA is observed at the optical spectrum analyzer (OSA).
IV. RESULTS
A. HNLF
We first performed experiments with HNLF, because the predicted bandwidths are much larger than for DSF. Hence, we expected that we should be able to obtain fairly wide gain regions far away from the pump, that might for example be useful for amplification near 1310 nm. We settled on a peak pump power of about 20 W for small value of , as it gave reasonable ASE spectral shapes.
Decreasing , we found that initially the maximum ASE values remained constant, in agreement with the fact that the maximum gain given by (1) only depends on , and is independent of the particular shape of the gain spectrum. This held until , which corresponds to the widest one-piece gain spectrum. When was decreased below (normal dispersion), the spectral shape changed as predicted by theory: it consisted of a central peak around the pump, and two isolated peaks far from the pump. However, we found that the ASE peak dropped more and more. As discussed in Section II-F, this is an indication that varies along the fiber. To record the data, we increased the pump power to maintain the same peak for all spectra; we stopped recording when we reached the highest pump power that we could obtain. The advantage of recording the data this way is that it then looks quite similar to simulations for fibers with uniform . Of course, to quantitatively interpret the data, one should remember that is higher for the extreme spectra.
The ASE data is shown in Fig. 5 . Since OPA gain spectra are symmetric with respect to the pump when plotted with respect to , we have shown the spectra only on one side of the pump. Because the range of the OSA ends at 1700 nm, the long-wavelength parts of the more interesting gain spectra were not available; for this reason, we show only the short-wavelength parts of the spectra, which were fully displayed by the OSA. Fig. 6 is a simulation of the gain spectra, using the experimental parameters. We note that there is fair agreement between the shapes of the experimental ASE and simulated gain spectra.
Since plot (1) is the most extreme gain spectrum that we were able to obtain, we fell short in our attempt to make an amplifier operating near 1310 nm, with a pump in the C-band. As discussed above, the limiting factor is the variation of along the fiber.
An important item is that plot (3) of Fig. 5 , corresponding to , is to the best of our knowledge the widest onepiece ASE spectrum observed to date for any fiber OPA. The spectrum rises abruptly at about 1380 nm, and we take this to correspond to the lower limit of the gain spectrum. The pump is at 1555.4 nm. The upper limit of the gain spectrum is calculated by using the preceding symmetry property, and is found to be 1782 nm. Hence, we infer a 400-nm gain bandwidth, slightly larger than the 360 nm that we recently obtained with the same fiber [3] ; the difference can be attributed to the higher pump power used here.
Concerning the widths of (1) and (2), we see that the experimental values are wider than the theoretical ones by about a factor of two. According to our discussion of Section II-F, this can be attributed to the presence of variations. This is also consistent with the fact that for these graphs had to be raised to maintain the peak value. According to our reasoning in Section II-F, we can obtain an estimate of the extent of the variation over the fiber length by finding where the experimental width of the narrow gain peak is about twice the theoretical value. We note that this occurs for curve (1), for which nm. From the calculation in Section II-E, we have nm, which is the estimate for the variation. This variation takes place along a fiber which is just 30 m long, and this leads to a rate of change with distance nm/km. This is consistent with other measurements on a longer fiber of this type, that we have performed by cutting it into 100-m pieces, and measuring the average of each piece by maximizing OPA gain bandwidth.
We have also measured the OPA gain directly by amplifying an input signal. Fig. 7 shows the gain spectrum obtained for 1557.8 nm. We see that the linear shape of the gain curve matches well that of the corresponding ASE curve in Fig. 5 . In a separate measurement, we obtained an on-off gain of 65 dB for nm. To our knowledge, this is the highest on-off gain reported for any fiber OPA.
B. DSF
We then performed experiments with DSF, which is known to have much smaller variations than HNLF and might, thus, allows us to obtain narrow gain regions further from the pump than HNLF.
We first performed ASE measurements as for HNLF, at room temperature. The results are shown in Fig. 8 . Fig. 9 is a simulation of the OPA gain spectra, with the experimental parameters. We see that there is good agreement between experimental and simulated results. (This provides an experimental verification of the proportionality between OPA ASE and gain that we justified on theoretical grounds in Section III-A.) As for HNLF, we found it necessary to increase to maintain the peak ASE value for the more extreme spectra.
As anticipated in Section II, the gain regions for DSF are much narrower than for HNLF. However, since the variations in DSF are very small, we can actually go further than with HNLF before ASE amplitude cannot be maintained. We were able to reach about 1325 nm, but still fell short of 1310 nm. Since the width and shape of the extreme gain spectra are difficult to see on Fig. 8 , we have magnified two of them in Fig. 10 . Fig. 10(a) shows the most extreme spectrum. It has a width which is below 1 nm, approaching the resolution of the OSA (0.1 nm here); for that reason, its shape is not well resolved. Fig. 10(b) shows an intermediate spectrum, with a larger width; its shape is well resolved by the OSA. Its width is about 6 nm. The width for the corresponding simulated gain spectrum in an ideal fiber is about 2.5 nm. Thus, we see that we have approximately a doubling of the bandwidth, attributable to variations. Since nm, the example of Section II-E yields nm, which we take to be an estimate of the variations in DSF. Since m, we obtain an estimate for the rate of change of nm/km. This is more than two orders of magnitude smaller than for HNLF. This explains why we were able to observe high-amplitude ASE spectra further from with DSF than with HNLF: even though the spectra are much narrower for DSF, the high uniformity of DSF preserves the near-theoretical shape of the gain spectra further away from for DSF than for HNLF. It is worth mentioning that the spectrum of Fig. 10(b) , though about twice as wide as the ideal one, still has a shape which is fairly similar to that of Fig. 2 , except for a slight asymmetry. While such a spectrum shape might not be suitable for filtering in communication systems, it could be adequate for an ASE light source.
We showed in Section II-G that because the gain spectra in DSF are very narrow, even a slight shift in due to a temperature change can shift them by several times their width, which could have a detrimental effect in a number of applications. We have performed an experiment to observe this effect in DSF. Since we already had data at room temperature (25 C), we took similar data at 0 C, by placing the fiber spool in a mixture of water and ice. We found that peak (8) of Fig. 8 was shifted by about 10 nm. In agreement with Section II-G, the extreme spectra were found to shift less than the ones close to , but that their shifts were much larger relative to their widths.
V. DISCUSSION
The agreement between the experimentally measured ASE spectra shown and the theoretically calculated gain spectra is good. The experimental ASE spectra did not include wavelengths longer than and, thus, did not show possible spontaneous Raman scattering. We did notice ASE peaks attributable to SRS in our data, about 100 nm on the long-wavelength side of the pumps, but their amplitudes were always considerably smaller than those of the peaks attributable to parametric gain only. This is in agreement with previous measurements of gain in broadband amplifiers combining parametric and Raman gain [2] , where we found that the Raman gain could be considered to be only a small perturbation compared to the parametric gain.
An interesting aspect of obtaining a fairly wide gain region located far from the pump is that if that region is used to simultaneously amplify several carriers in a wavelength-division multiplexing (WDM) system, FWM between these carriers will be reduced, compared to an amplifier operating near . The reason for this is that the fiber chromatic dispersion coefficient in that region will be larger than near . For example, for HNLF with a dispersion slope ps nm km , a gain region 200 m from will have ps nm km . This fairly high dispersion value should help reduce the spurious FWM terms, which are a cause for concern in fiber OPAs operating near [18] , [19] . This work indicates that the rate of change of in HNLF is about two orders of magnitude larger than in DSF. The large variations in HNLF rapidly broaden the narrow gain regions as they move away from , making it impossible to push them by more than 200 nm. Our understanding is that HNLFs are currently manufactured by a drawing process which is different from the one used for DSF and that that is mostly what causes the large variations. If HNLFs could be fabricated by a process similar to that for DSF, and, thus, exhibit variations similar to those of DSF, it would then be possible to push these gain regions much further, possibly below 1200 nm (and above 2100 nm for the Stokes). This could, for example, be used for making a tunable ASE source operating over nearly an octave.
We have attributed the drop in ASE intensity as increases primarily to variations. Other phenomena may also contribute to the drop. They are related to the fact that singlemode fibers are typically not designed to operate over wavelength ranges as large as we are interested in in this work. On the short-wavelength side, single-mode fibers have a cutoff wavelength, below which a few modes can propagate. On the long wavelength side, the mode confinement decreases, and this leads to an increase in bend losses. A better understanding of the impact of these effects on fiber OPAs will be needed to optimize the design of OPAs operating over even wider ranges.
We have suggested that the narrow gain regions could potentially be used as narrow-band filters with gain. However, since high gain is required to obtain high selectivity, there is a possibility that strong input signals could drive the OPA into saturation. This is of course a possible disadvantage compared to passive filters, which are not subject to this limitation.
During the reviewing process a reviewer pointed out the existence of [20] . The fundamental physical mechanism responsible for the observations of [20] is the same as in our paper, namely, the fact that in a fiber with , placing the pump in the normal dispersion region creates isolated gain regions away from the pump. In [20] , the measurements were performed by means of modulation instability (MI), whereas we used OPA ASE, as well direct parametric gain measurement on an input signal. Hence, we obtained complementary information on the same basic physical phenomenon. The existence of these parallel efforts illustrates once again the close connection between MI and parametric amplification in fibers and the fact that researchers in one area can often benefit from research results in the other area.
VI. CONCLUSION
By tuning the pump wavelength in the normal dispersion region near the zero-dispersion wavelength in a one-pump fiber OPA, we have observed, for the first time to our knowledge, the wide range of gain spectra theoretically obtainable from such OPAs. With highly nonlinear fiber, we have obtained the widest one-piece gain spectrum reported to date, with an inferred bandwidth of 400 nm; we have also obtained 65 dB of on-off gain, the highest value reported for any fiber OPA. We have also observed gain regions tens of nanometers wide, as far as 200 nm from the pump. Such gain regions could provide gain in spectral regions where good amplifiers currently do not exist. With common dispersion-shifted fiber, and a pump near 1530 nm, we have observed gain regions as narrow as 1 nm, up to 200 nm from the pump. Such gain regions could be used for tunable filtering with gain. Alternatively, they could be used as tunable sources of narrow-band ASE. We have also measured the temperature dependence of these gain spectra, which could affect the performance of narrow-band devices, but also offers possibilities for spectral shaping. By documenting the rich variety of gain spectra obtainable from one-pump fiber OPAs, this work opens the way for the possible application of fiber OPAs to novel areas such as narrow-band filtering, narrow-band ASE generation, or amplification in regions far from the pump.
